Mucosal epithelia are constantly exposed to damaging stimuli from mechanical, chemical, or biologic entities, and depend on rapid repair mechanisms to maintain tissue homeostasis and immunological quiescence. The reparative cytokine Trefoil factor 2 (TFF2) serves to enforce mucosal barrier integrity, but whether TFF2 receptor(s) exist is controversial. Herein, we demonstrate leucine rich repeat and immunoglobulin like domain containing nogo receptor interacting protein 3 (LINGO3) is a necessary transmembrane component for TFF2-mediated ERK signaling, proliferation, and recovery of trans-epithelial resistance of primary epithelia during wound healing. Human respiratory and intestinal epithelia express LINGO3 and mice lacking Lingo3 have impaired intestinal barrier function and fail to recover from DSSinduced colitis. Compared to wild-type controls, LINGO3 deficiency impairs both crypt regeneration and expression of the intestinal stem cell marker Lgr5. Importantly, Lingo3 -/mice display a phenotype similar to that previously reported for Tff2 deficiency, with increased paracellular permeability, and significant accumulation of mucosal CD4 + T H 1 cells expressing IFNγ + TNF + even under steady-state conditions. Combined, these data reveal a previously unrecognized role for LINGO3 as a putative TFF2 receptor that regulates mucosal barrier integrity and GI inflammation.
Introduction
Diverse epithelial cell lineages form a dynamic protective barrier to the external environment and form a semi-permeable shield for the body against mechanical, chemical, and organismal stimuli. Tissue injury, particularly in the gastrointestinal (GI) tract initiates mobilization of epithelial progenitors in the crypt stem cell niche, and changes in the gene expression profiles of enterocytes, M cells, goblet cells, enteroendocrine cells, Paneth cells, and tuft cells (1-3). Epithelial secretions ranging from cytokines to reactive nitrogen and oxygen intermediates and lipid mediators protect mucosal tissues against invasion by organisms to curtail inflammation and promote repair, but the knowledge of these soluble mediators is incomplete (3) (4) (5) . Notably, the Trefoil factor family (TFF1, TFF2, TFF3) peptides drive largely enigmatic pathways of tissue repair and immunoregulation at the mucosal interface (6) . Although TFFs are constitutively present within mucus secretions and regulate epithelial biology through restitution, cellular migration, regulation of tight junctions, and inhibition of epithelial cell apoptosis, how these molecules exert these functions is largely unknown (7-10).
Whether TFFs (TFF1-3) require receptor-mediated signal transduction events or act indirectly through modifying the rheological properties of mucus is an unsolved matter (6, 11, 12) . In support of the receptor hypothesis, CXCR4, (the stromal derived factor 1 (SDF-1) receptor), also responds to TFF2 at high concentrations (13). Overexpression of TFF2 competed with SDF1α for calcium mobilization in Jurkat T cells and TFF2 required CXCR4 to phosphorylate AKT (13) . Curiously however, these data do not show any interactions between TFF2 and CXCR4, and, to date, no data from in vivo experimentation indicates that CXCR4 deficiency recapitulates TFF2 deficiency. We and others have shown that TFF2 deficient mice have worsened disease post dextran sodium sulfate (DSS) colitis, increased pro-inflammatory cytokine secretion IFNγ, IL-6, IL-1β, and inducible nitric oxide synthase (iNOS) as well as defective mucosal barrier integrity under baseline conditions, but no such data have been reported for CXCR4 deficiency (14-16). Thus, we sought to identify and characterize a novel extracellular transmembrane protein that would be responsible for TFF2 activity and where loss of function would recapitulate TFF2 deficiency in vivo. 4 This study provides supportive evidence that LINGO3 is at least one component of a TFF2 receptor complex. Our conclusion is based on results from immunoprecipitation, confocal microscopy, and gene-deletion studies in both transformed and primary epithelial cultures. Human sinonasal and rectosigmoid tissue stained intensely for LINGO3 in the vicinity of TFF2-producing goblet cells. CRISPRmediated Lingo3 gene deletion in an intestinal epithelial cell line (MC38) impaired TFF2induced ERK phosphorylation and proliferation and Lingo3 deficient mice were phenotypically similar to reported defects in TFF2 deficient animals in regards to mucosal accumulation of pro-inflammatory cytokines and impairment of crypt regeneration following DSS-induced colitis. Combined, these data reveal that LINGO3 is a previously unrecognized regulator of mucosal epithelial cells in humans and mice that may function as a receptor component for TFF2 signaling.
Results

Identification of LINGO3 as a mucosal epithelial protein in mice and humans.
Despite reports that the CXCR4 antagonist AMD3100 can block rTFF2-mediated signal transduction in transformed epithelial and lymphocyte cell lines (13) there have been no reports validating a TFF2-CXCR4 axis in vivo. Therefore, we employed the TRICEPs approach (17, 18) using human rTFF2 as bait in order to identify potentially novel extracellular membrane-binding proteins. Preliminary results from this screen led us to focus on the orphan receptor leucine rich repeat and immunoglobulin like domain containing nogo receptor interacting protein 3 (LINGO3) as a potential TFF2 binding protein ( Fig. 1A) . To study LINGO3 in greater detail, a CRISPR-CAS9 gene editing approach was used to generate gene deficient mice. Lingo3-specific sgRNAs were generated commercially to target the translational start site in exon 2 and injected into C57BL/6 blastocysts with CAS9 protein. A founder line with a heterozygous 70 bp deletion downstream of initiator ATG was identified, bred to homozygosity. Naïve wildtype (WT) and Lingo3 knock out (Lingo3KO) mice were used for Taqman assays to determine the Lingo3 mRNA expression pattern. Comparison of the intestinal epithelial cells (IEC) between WT and Lingo3KO mice revealed a strong signal in WT IECs that was abrogated in the Lingo3KO IECs, while, no clear expression was detected in splenic or lymph node populations of magnetic bead sorted CD4 + (T cells), B220 + (B cells), or CD11b + CD11c + (myeloid cells) ( Fig. 1B) . Lingo3 mRNA transcripts were detected at high levels in pulmonary and GI tract from WT mice compared to Lingo3KO mice (Fig. 1C ). To determine whether LINGO3 had an expression pattern consistent with interaction with goblet cell-derived TFF2, combined immunofluorescence staining approach was taken using anti-human LINGO3 monoclonal antibody (mAb) and antihuman TFF2 polyclonal antibody (pAb) using formalin fixed paraffin embedded (FFPE) clinical specimens from normal subjects. In rectosigmoid tissues, TFF2 (red) localized to goblet cells located within intestinal crypts, whereas LINGO3 (green) was expressed broadly throughout colonic enterocytes and sparsely within cells at the crypt base with no staining in the isotype-matched Ab controls ( Fig. 1D -I). To evaluate respiratory tissue expression, nasal polyp tissue was obtained from patients with chronic rhinosinusitis undergoing surgical resection and immunostained revealing widespread LINGO3 6 (green) expression on both the apical and basolateral surface of epithelia that was spatially distinct from the punctate TFF2 (red) staining inside cells with goblet cell morphology, with no staining in the isotype matched Ab control ( Fig. 1J -N) Taken together, these data revealed that in human and mouse tissue, LINGO3 is predominately expressed on mucosal epithelia in the vicinity of TFF2 secretion.
TFF2 functionally interacts with LINGO3 to promote epithelial proliferation and repair following injury. If TFF2 was a ligand for LINGO3, then several key features should be evident such as: 1) localization on the cell membrane, 2) MAPK signal transduction, and 3) induction of TFF2 biological responsiveness such as proliferation and/or resistance to apoptosis (13). To determine whether LINGO3 would localize with TFF2 at the cell membrane, RFP was cloned into the c-terminus of mouse TFF2 cDNA and transfected into human embryonic kidney 293 cells (HEK293) along with GFPtagged mLINGO3. At 48 hr post-transfection, single or double transfected cells were identified by confocal microscopy. Whereas TFF2 single transfectants showed a punctate intra-cellular pattern ( Fig. 2A ), LINGO3 single transfectants localized to the cell membrane ( Fig. 2B ). In contrast, TFF2-RFP/LINGO3-GFP double-transfected cells, revealed a yellow signal, suggestive of co-localization in TFF2/LINGO3 conditions . To determine whether this co-localization also occurred with CXCR4, GFPtagged CXCR4 was co-transfected with TFF2-RFP. Data show that TFF2-RFP remained sparse and punctate, whereas CXCR4-GFP localized to the cell surface ( Fig.   2E and Fig. S1 ). Quantification of TFF2-RFP, Lingo3-GFP, and TFF2-RFP/LINGO3-GFP revealed that of transfected cells that were fluorescent, approximately 63% were co-transfected and of these cells all showed colocalization between TFF2-RFP and LINGO3-GFP ( Fig. 2F ). As an alternative approach, Chinese hamster ovary cells (CHO) were transfected with Flag-tagged cDNA encoding murine Lingo3 for 72 hours (hrs), lysed and incubated with either TFF2-Fc or Fc, followed by Protein G sepharose immunoprecipitation and Flag-specific immunoblotting. Cell lysates from Flag-LINGO3 transfected CHO cells were incubated with either TFF2-Fc or empty vector-Fc revealing that TFF2-Fc, but not Fc, co-precipitated Flag-LINGO3 ( Fig. 2G ), which collectively indicated that TFF2 bound LINGO3. 7 Next, given that TFF2 is known to induce phosphorylation of MAPK family members (19), we tested whether LINGO3 was responsible for TFF2-mediated ERK1/2 signal transduction using the MC38 murine intestinal epithelial cell line.
Due to LINGO3 expression in these cells, the parental line was gene edited using CRISPR-CAS9 mediated insertion of a H2-K K (MHC allele) selection cassette followed by fluorescence activated cell sorting (FACS) purification and quantitative real time PCR (qRT-PCR) to confirm gene disruption (Δ-Lingo3) ( Fig. S2 ). Whereas the parental MC38 line exposed to TFF2-Fc (1μg/ml) underwent increased pERK1/2 signaling with a peak at 30 min, the TFF2-Fc treated Δ-Lingo3 MC38 line showed a moderate increase in pERK1/2 levels over control treatment with Fc protein at the time-points evaluated ( Fig. 2H ). Densitometric quantification confirmed the parental MC38 line had 2-fold higher p-ERK1/2 levels in response to TFF2 than Δ-Lingo3 MC38 ( Fig. 2I -J). Consistent with this signaling defect, we asked whether the loss of LINGO3 affected the ability of TFF2 to drive proliferation. Exposure of parental MC38 to TFF2-Fc (1μg/ml) under limiting serum conditions (2.5%) led to a marked increase in the cell number at 48 and 72 hrs after plating compared to Δ-Lingo3 MC38. Further, Fc treatment did not lead to any difference in cell number of either parental or Δ-Lingo3 MC38 cells ( Fig. 2K ).
If LINGO3 was responsible for TFF2 responsiveness, epithelial cells lacking LINGO3 should be deficient in restitution. Primary sinonasal epithelial cells were grown under air-liquid interface conditions in 24 transwell plates (0.4μM pore, 6.5mm diameter) (20) and subjected to scratch wound assays (21) in the presence or absence of exogenous recombinant TFF2 (rTFF2). Trans epithelial electrical resistance (TEER) was used as a surrogate for epithelial barrier integrity of primary sinonasal epithelia grown from WT vs. Lingo3KO mice. Following scratch with a sterile pipet, whereas the rate of TEER rebound in WT cultures was significantly augmented by the presence of rTFF2 at 3-and 4-days post-injury, there was no impact of rTFF2 treatment on
Lingo3KO epithelia at these time-points ( Fig. 2L ). Thus, in both transformed and primary epithelial cultures, LINGO3 was required for the full biological effects of TFF2.
Lingo3 deficiency increases T H 1 cell frequency and disrupts mucosal barrier
integrity. It is widely accepted that mucosal epithelia and microbial communities are in 8 a bi-directional communicative system, with perturbations in either component resulting in inflammation-associated tissue pathology (22, 23) . Because lack of TFF2 responsiveness in the absence of LINGO3 could potentially disrupt intestinal barrier integrity, cohorts of WT and Lingo3KO mice were inoculated orally with 440mg/kg of FITC-dextran (4 kDa) and bled 4 hrs later to measure serum levels of fluorescence as a surrogate measure of intestinal permeability. FITC-dextran levels were 3-fold increased in Lingo3KO mice compared to WT controls (Fig. 3A ). To evaluate whether enhanced intestinal permeability was associated with alterations to the intestinal microbiome, fecal pellets were collected from naïve WT and Lingo3KO mice housed separately and evaluated for fecal microbial composition using 16S rRNA gene sequencing. Data show only a moderate change in microbial composition between strains ( Fig. S3 ). Consistent with these moderate effects in microbial composition, histological evaluation of the colon tissues between strains, did not show evidence of overt pathophysiological changes between strains ( Fig. 3B ).
However, there was a marked difference between strains in WT vs. Lingo3KO Histological evaluation at day 10 revealed that Lingo3 deficient mice had increased inflammatory cell infiltration, ulceration, submucosal edema, and smooth muscle hyperproliferation as compared to WT at day 10 ( Fig. 4D ). Using Periodic acid Schiff (PAS) staining to reveal mucins, we observed that PAS + goblet cells rapidly repopulated the intestines of WT mice, whereas goblets cells were sparse in the intestines of Lingo3KO mice at this timepoint ( Fig. 4E-F ). Due to these differences, experiments tested whether Lingo3 deficiency heightened the inflammatory cytokine gene expression and/or altered intestinal stem cell gene expression. Under co-housed conditions, Lingo3KO expressed significantly higher Tnf, Il22, Ifng, and Il6 mRNA transcript levels at day 10 compared to WT (Fig. 4G ).
Next, we evaluated expression levels for leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5), the receptor for R-spondins, that marks intestinal stem cells located at the base of the crypt (24). Comparison of Lgr5 expression levels between WT and Lingo3KO mice under steady-state and DSS-treated conditions both revealed a significant reduction in Lgr5 expression in Lingo3KO (Fig. 5A ). To distinguish whether reduced Lgr5 expression was epithelial cell-intrinsic, 3D organoid cultures were generated from the small intestine. Strikingly, primary organoid cultures from Lingo3KO mice at day 6 showed a marked decrease in overall growth ( Fig. 5B) and Lgr5 1 0 expression as compared to WT (Fig. 5C ). Collectively, these data imply LINGO3 serves a critical role in intestinal epithelial cell repair following injury.
Discussion
This study provides evidence that the orphan transmembrane protein LINGO3 functions as an essential component for epithelial responsiveness to Trefoil factor 2 (TFF2). This finding is particularly important given the body of evidence indicating that TFF2 regulates epithelial repair, restitution and inflammation within the GI and respiratory tract (7, 14, 15, (25) (26) (27) . LINGO3 has no known function(s) reported to date, therefore these data suggest we have uncovered a novel regulator of mucosal epithelial cell biology. In 
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